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The thermal melanism hypothesis (TMH) predicts that dark (low skin reflectance) individuals
are at an advantage in cool climates as they heat faster and reach higher equilibrium temperatures
than lighter (higher reflectance) individuals. However, tests of the TMH have yielded mixed support,




Most studies to date have been undertaken at small spatial scales or using a few, closely related
populations or species. Here, we therefore examine the TMH at large scales in heliothermic lizard





First, we test the prediction that skin reflectance and climate variables such as mean annual
temperature (MAT) and global solar radiation are positively related across species. Second, we
determine whether a positive relationship exists between skin reflectance and body mass. Third,
since physiology, behaviour and morphology should be co-adapted, we test the prediction that skin




We find strong support for a positive relationship between skin reflectance and mean annual
radiation even after adjusting for phylogeny. Moreover, radiation was a better predictor of skin
reflectance than MAT. We also find support for a positive relationship of skin reflectance with body




Skin reflectance was not related to measures of thermal biology, although confounding effects




In summary, this study provides novel support for the TMH operating interspecifically at large








Biophysics enables predictions to be made about the thermal
balance of ectotherms by quantifying the flow of energy
between organisms and their environments (Gates 1962;
Helmuth 1998). For example, when two identical ectothermic
individuals (i.e. same shape, posture, body size) that differ
only in skin reflectance are exposed to the same environmental
conditions, the dark (low skin reflectance) individual should
heat faster and reach higher equilibrium temperature, by
absorbing more solar radiation, than the light (high skin
reflectance) individual (Porter & Gates 1969). Studies that
compare heating rates and equilibrium temperatures of
individuals differing in skin reflectance under the same
environmental conditions generally satisfy these predictions
and support the hypothesis that melanism plays an adaptive
role in thermoregulation (defined here as the thermal melanism
hypothesis (TMH; e.g. Watt 1968; Kingsolver 1987; De Jong,
Gussekloo & Brakefield 1996). Since body temperature influ-
ences most physiological processes (Hochachka & Somero
2002), the differences in heating rate and equilibrium tem-
perature between low and high skin reflectance individuals
should influence performance and reproductive success, and
thus evolutionary fitness. Several authors have argued that
low reflectance should therefore be beneficial to animals
inhabiting cold regions (Watt 1968; Ellers & Boggs 2004),
whereas high reflectance should provide an advantage to
inhabitants of warm environments by absorbing less solar






Convincing support for the fitness advantage of thermally
beneficial colouration has been found in several invertebrate




. 1996; Ellers &
Boggs 2004), but explicit investigations thereof in vertebrate
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ectotherms are less common. To date, only a few studies have
provided convincing evidence in supporting predictions of





, Gibson & Falls (1979) showed that
melanism increased the efficiency of heat absorption, possibly
allowing a longer active season for melanistic morphs. Simi-
larly, Capula & Luiselli (1994) and Forsman (1995) found that





more frequently and had higher survival rates than zigzagged
(lighter) females. In addition, lizard species with individuals
that undergo colour change show a decline in reflectance at
lower temperatures in the near-infrared wavelengths, thus
enabling faster heating in cold conditions (Norris 1967;
Gates 1980; Walton & Bennett 1993). Although these studies
suggest that the predictions of the TMH, and therefore the
hypothesis itself, are generally supported, two characteristics
of the investigations preclude such a conclusion. First, the
large majority of investigations tend to have involved either a
single species (e.g. Forsman 1995; Tattersall, Eterovick & de
Andrade 2006), or perhaps, a few closely related species
(e.g. Walton & Bennett 1993). Second, other functions of
colouration such as camouflage, UV protection and behavioural
adjustments may confound existing melanism–temperature
relationships in ectotherms (see review in True 2003) and their
detection, especially given the relatively small magnitude in
body temperature differences found between individuals
varying in skin reflectance (e.g. Bittner, King & Kerfin 2002).
As a consequence, the extent to which the TMH is generally
supported in ecotherms is difficult to determine.
Whilst additional, small-scale studies would assist in estab-
lishing the generality of the TMH, especially if  a large number
could be subjected to a formal meta-analysis, the case for it
would be even stronger if  large-scale, multi-species investiga-
tions were also unable to falsify its predictions. Indeed, Spicer
& Gaston (1999) have argued that among the strongest evid-
ence for adaptive physiological variation is similar findings
at several hierarchical levels (e.g. among individuals, among
populations and among species). Such an outcome would
demonstrate that the signal of selection is detectable despite
the confounding influences of other variables at each level,
and despite the methodological problems that are inherent
to the approaches used to investigate variation within the
different levels. Moreover, recent work has emphasized the
considerable advantages of multi-faceted approaches to
problems in evolutionary physiology (for examples see





McKechnie, Freckleton & Jetz 2006; and for additional
discussion see Kingsolver & Huey 1998; Feder, Bennett &
Huey 2000; Feder & Mitchell-Olds 2003). Therefore, here
we test the predictions of the TMH in vertebrate ectotherms,
specifically heliothermic lizards, using a broad-scale, macro-
physiological approach (Chown, Gaston & Robinson 2004),
to complement and inform the small-scale investigations that
are more typical of the field (including work on invertebrates).
Specifically, we test two major predictions of the TMH (see
Clusella-Trullas, van Wyk & Spotila 2007a for review), and a
corollary thereof.
First, we examine the prediction that skin reflectance and
climate variables such as mean annual temperature (MAT)
and global solar radiation will be positively related across
species. It is generally expected that species with low skin
reflectance should occupy cool and low radiation areas since
melanism favours heat absorption, and that the converse
should also apply (Gates 1980). We test for both temperature
and solar radiation because their relationship may be non-
linear (e.g. tropical mountain peaks are high solar radiation, low
temperature environments) and their potential selective roles
on skin reflectance may be different depending on whether
critical thermal limits or energy budgets are limiting. Thus, at
broad spatial scales, positive relationships between skin reflect-
ance and temperature, and between skin reflectance and solar
radiation might be expected, but for different reasons.
Second, we determine whether a positive relationship exists
between skin reflectance and body mass. It is well established
that large animals have lower convection coefficients and
higher heat capacity per unit surface area compared with
smaller ones (Gates 1980; Stevenson 1985). Therefore, at large
scales, we expect that small species will have lower skin reflect-
ance than large species because, although low reflectance en-
ables the former to warm up quickly in cold conditions, they
can also dissipate heat relatively rapidly when facing warm
conditions. By contrast, large species will likely have higher
skin reflectance than small species to avoid reaching high crit-
ical temperature thresholds in warm conditions. This pattern
has been shown previously in an inter-specific study of  17
lizard species from the deserts and mountains of the south-
western United States and Mexico (Norris 1967).
Finally, we examine the idea that skin reflectance, ther-
moregulatory behaviour and thermal physiology interactively










. 2006). By co-adaptation we mean the
correlated evolution of phenotypic traits that results in greater
performance and hence, fitness of an organism (Arnold 1983;
Huey & Bennett 1987). Previous studies have found either
strong or partial associations between temperature preference
and optimal temperature for physiological performance (e.g.





generally, support the notion that thermal sensitivity responds
to selection (Huey & Kingsolver 1989, 1993). Because of its
effect on body temperature, it might therefore be expected
that skin reflectance and other aspects of thermal physiology
will also evolve in concert. Specifically, we here test whether

























To standardize the lizard reflectance data only information from

















during their active period was used. We compiled data only from
published studies except for reflectance values provided by Warren
P. Porter (University of Wisconsin, Madison).
The Anglophone literature (1940–2007) was searched for data on
skin reflectance over the wavelength range of 290–2600 nm, which
incorporates the ultraviolet, visible and infrared portions of the
solar spectrum (nearly 98% of the solar radiation reaching the
earth’s surface). When data from this range were not available, we
included reflectance measurements over a minimum range of 300–
1200 nm (seven species) which still represents nearly 75% of the radiant
energy absorbed by the organism. For species where individuals are
able to change colour, we chose reflectance at a temperature closest
to the MAT of the species’ sampling location. In cases where several
values were found for the same population, the arithmetic mean was
calculated.


















); Cowles & Bogert 1944; Lutterschmidt &
Hutchison 1997) were compiled for species for which skin reflec-
tance was available. In the physiological data base compilation,
priority was given to field-fresh individuals over short- or long-










 were given, the mean of the set boundaries was calculated









. 2007b), the onset of spasms vs. the loss














 or critical thermal limit
data were found for the same species, we chose the value from the
population that matched the population sampled for reflectance.
However, if no populations could be matched for geographic loca-
tion, we selected the study which best fitted the data base criteria
given above. In a few cases, when physiological methods were
considered equal or if reflectance sampling location was unknown,
we calculated the arithmetic mean from all studies. The full list of
references used to build our data base is included in Supplementary
Appendix S1.
Adult body masses were compiled from the studies that reported
skin reflectance or thermal biology or, as the last alternative, from
studies that provided these data on the same population or species.
The geographic location (latitude and longitude) of the population
sampled for skin reflectance was used to determine mean annual air









 software (version 5·2·0·2), and






















 longitude resolution, IPCC
Data Distribution Centre). Radiation data for two species from the
Galapagos Islands were not available. If the location of the popula-
tion sampled for skin reflectance was unknown, the centre of the
species’ range was determined using species’ distribution maps from




Ordinary least-square regressions were used (after testing for nor-
mality of distributions, homogeneity of variance and independence
of error terms; Quinn & Keough 2002) to examine relationships
between arcsine square-root transformed skin reflectance (REFL)

















. We refrained from testing these relationships in a
single multivariate model because sample sizes differed among
variables (from 68 to 17 species), which would have meant a sub-
stantial reduction in the power of the model. To investigate further
the likely effects of MRAD on REFL after accounting for the effects
of MASS and MAT, a Type I sums of squares general linear model
was undertaken with REFL as the dependent variable. MASS,
MAT and MRAD were entered sequentially as independent variables
in that order.
The regression analyses were repeated using the phylogenetic
generalized least-square method (PGLS; Martins & Hansen 1997)
to account for statistical non-independence of species data. Since no
comprehensive phylogeny was available for the species sampled in
this study, a phylogeny was built from multiple sources (available
in Supplementary Appendix S2). The adjustment for phylogeny
was undertaken using both equal and proportional branch
length assumptions (Halsey, Butler & Blackburn 2006). A maximum-




, which indicates the
extent to which trait evolution is correlated with phylogeny, and
provides insight into the relative importance of adjusting for phyl-













 = 0 indicates no influence of phylogeny). All data








The heliothermic lizard species investigated here typically




 = 68, range = 1·7–
33·6%, Fig. 1). Ordinary least-square relationships between
REFL and MRAD, MAT and MASS, respectively, were all
significant (Table 1). In addition, even after accounting for
the effect of MASS and MAT, REFL was still significantly
related to MRAD (Table 2). However, skin reflectance was













The results of the PGLS analyses revealed that phylo-
genetic models with equal branch lengths provided better fits to
the data than those with a star-shaped phylogeny (i.e. all
species equally related) or with proportional branch lengths
for the relationships between REFL and MRAD, MAT and
Fig. 1. Frequency distribution of skin reflectance (%) for 68 heliothermic
lizard species included in the present study.
 














MASS, respectively (lowest value of AIC within each variable,




 was > 0·8 indicating a strong
phylogenetic effect. Overall, MRAD was a good predictor of
skin reflectance, whereas the relationship between REFL and
MAT was of marginal significance, and that between REFL
and MASS was not formally significant (Table 3). Compari-
son of model AICs for MAT and MASS suggested that the
former was a better fit to the data. The fit of the model for
MRAD cannot be compared with these two models because
of differences in the data sets. However, comparison is possi-
ble if  the analyses for MAT and MASS are repeated excluding
the two species for which no MRAD data are available. In this









 = 0·94) for MAT, compared
to –147·00 for MRAD. The probability that MRAD is the
best fit of these three alternative models (its Akaike weight;














, the best models were those
which did not account for phylogeny (Table 3), and thus
simply recapitulate the results in Table 1.
Table 2. Outcome of a general linear model (Type I SS model)
examining the residual contributions of log10 body mass (MASS),
mean annual temperature (MAT) and radiation (MRAD)
respectively to arcsine-transformed skin reflectance
Variable d.f. MS F P
Intercept 1 10·89 1708·07 < 0·001
MASS (g) 1 0·038 5·96  0·0175
MAT (°C) 1 0·060 9·34  0·0033
MRAD (W m–2) 1 0·059 9·21  0·0035
Error 62 0·006 – –
Table 1. Statistics for ordinary least-square regressions of arcsine-transformed skin reflectance and: mean annual temperature (MAT), mean
annual radiation (MRAD), log10 body mass (MASS), preferred body temperature (Tsel), and critical thermal maxima (CTmax) and minima
(CTmin) for heliothermic lizard species
Variable N Slope ± SE Intercept ± SE r2 P SE estimate
MAT (°C) 68 0·008 ± 0·002 0·24 ± 0·04 0·17 0·0005 0·085
MRAD (W m–2) 66 0·002 ± 0·001 0·08 ± 5·96 0·26 0·00001 0·080
MASS (g) 68 0·03 ± 0·01 0·36 ± 0·02 0·07 0·025 0·089
Tsel (°C) 42 0·003 ± 0·004 0·29 ± 0·13 0·02 0·40 0·083
CTmax (°C) 28 0·006 ± 0·006 0·13 ± 0·24 0·04 0·30 0·092
CTmin (°C) 17 0·009 ± 0·007 0·32 ± 0·06 0·04 0·24 0·108
Table 3. Results of the phylogenetic generalized least-squares (PGLS) analyses adjusting for phylogenetic effects on the univariate relationships
of arcsine-square root transformed skin reflectance and several climatic and physiological parameters
Model Phylogeny λ AIC Slope ± SE d.f. T P
MAT Star 0 –138·93 0·0078 ± 0·0021 65 3·714 0·0002
Equal 0·915 –141·3 0·0042 ± 0·0024 1·750 0·0424
Proportional 0·026 –137·1 0·0076 ± 0·0022 3·455 0·0005
MRAD Star 0 –142·62 0·0022 ± 0·0005 63 4·400 0·0001
Equal 0·835 –147 0·0022 ± 0·0005 4·000 0·0001
Proportional 0·18 –144 0·0022 ± 0·0005 4·400 0·0001
MASS Star 0 –131·44 0·0299 ± 0·0132 65 2·265 0·0134
Equal 0·925 –139·79 0·0175 ± 0·015 1·167 0·1237
Proportional 0·24 –133·42 0·0294 ± 0·0138 2·130 0·0185
Tsel Star 0 –86·28 0·0033 ± 0·0039 39 0·846 0·2014
Equal 0·48 –85·33 0·0047 ± 0·0039 1·205 0·1177
Proportional 0 –84·28 0·0033 ± 0·0039 0·846 0·2014
CTmax Star 0 –48·17 0·0059 ± 0·0055 25 1·073 0·1468
Equal 0 –46·17 0·0059 ± 0·0055 1·073 0·1468
Proportional 0 –46·17 0·0059 ± 0·0055 1·073 0·1468
CTmin Star 0 –23·4 0·009 ± 0·0074 14 1·216 0·1221
Equal 0 21·4 0·009 ± 0·0074 1·216 0·1221
Proportional 0 21·4 0·009 ± 0·0074 1·216 0·1221
MAT, mean annual temperature (°C); MRAD, mean annual radiation (W m–2); MASS, log10 body mass (g); CTmax, critical thermal maxima (°C); 
CTmin, critical thermal minima (°C); Tsel, preferred body temperature (°C). Within one variable (e.g. MAT) the lowest AIC indicates the model 
with the best fit (highlighted in bold; see Methods and Results sections for details). d.f., degrees of freedom. λ = 1 indicates strong phylogenetic 
effect, λ = 0 indicates no influence of phylogeny. Note that AIC values cannot be compared across variables, since sample size and taxonomic 




















One of the primary predictions of the TMH is that skin
reflectance should be positively related to solar radiation





. 2007a). We were unable to falsify this
prediction, whether or not we accounted for phylogenetic
non-independence. Consequently, this study provides novel,
macrophysiological support for the TMH. Indeed, in conjunc-
tion with small-scale studies demonstrating the fitness benefits
of thermal melanism (Capula & Luiselli 1994; Forsman 1995),
this work suggests that, at least in lizards, one explanation
for variation in skin reflectance is the benefits that differences
therein bring to individuals living in different thermal environ-
ments. Whilst skin reflectance and colouration obviously differ
among species for various reasons (Majerus 1998; True 2003),
the current analysis demonstrates that a long-held, but typically
relatively narrowly investigated hypothesis (the TMH)
has broad applicability. Moreover, several subtleties emerged
from our data that have not previously been documented,
mainly because of the typically smaller scope of previous work.
Most heliothermic lizard species have a relatively narrow
range of skin reflectance values and are thus dark (Fig. 1).
Moreover, the strongest predictor of skin reflectance was
MRAD, even after phylogenetic adjustment. By contrast, the
relationship with MAT was weaker, and after accounting for
phylogeny was only marginally significant, and much less
likely than solar radiation to be the best predictor of skin
reflectance. Two reasons strike as most plausible for the better
predictive value of MRAD than MAT. First, we used MAT as
an indication of the environmental temperature experienced
by the lizards. Whilst such an approach is reasonable, given
the scale of  the study (see discussion in Chown, Addo-
Bediako & Gaston 2003) and the frequent absence of micro-
climate data in studies reporting reflectance values (e.g.
Hutchison & Larimer 1960), MAT may not always provide an
unbiased estimate of the microhabitat temperatures experi-





1993). In consequence, one might expect a weaker relation-
ship between reflectance and MAT than between reflectance
and microhabitat temperature. Second, both air temperature
and radiation affect the thermal budget of an organism
(Gates 1980), but the magnitude of the effect of radiation is
dependent on skin reflectance whereas the effect of ambient tem-
perature is mostly independent of skin reflectance (since most
organisms reflect < 5% of far-infrared wavelengths, Gates
1980). Therefore, one might expect that levels of solar radiation
would have a stronger influence on selection for varying skin
reflectance than changes in ambient environmental temperature.
Our data provide an additional way of examining the idea
that MRAD may be of more significance in predicting skin
reflectance than MAT. The amount of incident solar radi-
ation is influenced predominantly by the incident angle of
incoming radiation (i.e. latitude), the state of the atmosphere
(e.g. the presence of  clouds and dust), the nature of  the
vegetation in a given area and outside the tropics, by season
(Gates 1980; Bonan 2002). In consequence, though solar radi-
ation and air temperature are positively related, much variance
exists around the relationship owing especially to atmospheric
absorption of incoming radiation, and at ground level to
interception by the canopy. Thus, at a given latitude, an area
might experience high or low radiation levels depending on
average cloud cover. By grouping the species we investigated
according to the earth’s major climate zones (as given by
Bonan 2002; Fig. 2), this effect was immediately apparent.
Although tropical species generally live in warmer areas
compared with most temperate, mid-latitude species, several
of them have low skin reflectances, presumably due to lower
average incident radiation (Fig. 2). Low radiation levels in
tropical areas such as mesic savannas and rainforests are
often caused by frequent cloud cover (Fig. 3). By contrast,
most species that live in dry areas (i.e. deserts) experience
higher incident radiation than temperate species and gener-
ally have higher skin reflectance (Fig. 2). Comprehensive
exploration of the subtleties of these patterns requires further
sampling across regions and climate zones. For example, our










 latitude in the northern hemisphere) and most of our data
originated from North- and Central America, and Australia
(except for six African and two European species). Additional




, which is distributed from Spain to the Artic
Circle (Grenot 2000), would provide a useful way to examine
whether such variation is also typical at the population level.
By contrast with the first prediction, our data provided
little support for the idea that body mass has an influence on
reflectance. The least-square relationship, though significant,
was weak, and once phylogenetic non-independence was
accounted for the relationship disappeared entirely. Clearly,
from a biophysical perspective, a strong theoretical argument
 
Fig. 2. Interspecific relationship between mean annual radiation
(MRAD; W m–2) and arcsine square-root transformed skin reflectance
(r; n = 66 species from 12 families). The ordinary least-square
relationship (solid line) is described by the equation: r = 0·002 +
0·002 × MRAD (r2 = 0·26, F(1,64) = 22·9, P < 0·0001). Stippled lines
indicate 95% confidence intervals. Major climate zones defined
according to Bonan (2002) are represented by different symbols.
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can be made for a positive relationship between body mass
and reflectance (Norris 1967; Gates 1980). However, our data
failed to support it, or supported it weakly. Why this might be
the case is not clear, but perhaps the signal of this relationship
is overwhelmed by the multitude of other factors that influ-
ence final adult body size (Roff 2002). If  this is the case, then
only much larger data set will likely have the power to detect
the theoretically plausible relationship between reflectance
and body mass. Similarly, the influence of other variables on
the variance in reflectance remaining after taking the effects
of solar radiation into account, such as biologically active UV
radiation (see e.g. Porter 1967; Jablonski & Chaplin 2000 for
a human example), or differences in behaviour, would require
a data set incorporating a much larger number of individuals
in which the appropriate traits have been measured, than is
presently available.
A lack of correlation between skin reflectance and thermal
traits (Tsel, CTmax and CTmin) may have several explanations.
First, differences in the rates of evolution of thermal physio-
logy and morphology may account for the lack of association
between the two (see e.g. Losos, Warheit & Schoener 1997).
To our knowledge, no studies have attempted to link rates
of  physiological evolution with rates of  skin reflectance
evolution in lizards. For example, behavioural thermoregula-
tion or phenotypic inertia could dampen selection for corre-
lated evolution of skin reflectance and physiology (Huey,
Hertz & Sinervo 2003; see also Losos, Schoener & Spiller 2004).
Second, differences between studies may have introduced
variation into the data set. For example, the same individuals
were not necessarily used for both thermal biology and skin
reflectance estimates. Moreover, differences in methods among cri-
tical thermal limit studies may have further compounded matters
(see Terblanche et al. 2007). Regardless, the role of skin reflect-
ance in thermal co-adaptation requires further investigation.
In conclusion, our study has provided the first macro-
physiological evidence in support of  one of  the primary
predictions of the TMH. In doing so, it has confirmed a wide
variety of small-scale studies which have suggested that the
variation in reflectance may indeed be a response to the
thermal environment. Similar studies of this kind, in other
groups, such as the invertebrates, would go a long way towards
furthering the generality of the idea. Advances in the portability
of spectral measurement devices suggest that this goal may
be more readily realized than was previously supposed.
Acknowledgements
We thank W.P. Porter for providing unpublished data on skin reflectance of
lizards, J.R. Spotila for encouragement and useful support to SCT at an early
stage of this project, and the referees for their helpful comments. Núria Roura-
Pascual helped to generate the solar radiation map. SCT is supported by a
Claude Leon Foundation Fellowship, JST and SLC are supported by the
DST-NRF Centre of Excellence for Invasion Biology.
References
Angilletta, M.J., Bennett, A.F., Guderley, H., Navas, C.A., Seebacher, F. &
Wilson, R.S. (2006) Coadaptation: a unifying principle in evolutionary
thermal biology. Physiological and Biochemical Zoology, 79, 282–294.
Angilletta, M.J., Niewiarowski, P.H. & Navas, C.A. (2002) The evolution of
thermal physiology in ectotherms. Journal of Thermal Biology, 27, 249–268.
Arnold, S.J. (1983) Morphology, performance and fitness. American Zoologist,
23, 347–361.
Bakken, G.S. (1992) Measurement and application of operative and standard
operative temperature in ecology. American Zoologist, 32, 194–216.
Bauwens, D., Garland, T., Castilla, A.M. & Van Damme, R. (1995) Evolution
of sprint speed in lacertid lizards: morphological, physiological, and behavioral
covariation. Evolution, 49, 848–863.
Behler, J.L. & King, F.W. (1996) National Audubon Society. Field Guide to North
American Reptiles and Amphibians. A.A. Knopf Inc., Chanticleer Press,
New York.
Bittner, T.D., King, R.B. & Kerfin, J.M. (2002) Effects of  body size and
melanism on the thermal biology of garter snakes (Thamnophis sirtalis).
Copeia, 2002, 477–482.
Bonan, G.B. (2002) Ecological Climatology. Concepts and Applications.
Cambridge University Press, Cambridge.
Burnham, K.P. & Anderson, D.R. (2001) Kullback–Leibler information as a
basis for strong inference in ecological studies. Wildlife Research, 28, 111–
119.
Capula, M. & Luiselli, L. (1994) Reproductive strategies in alpine adders,
Vipera berus: the black females bear more often. Acta Oecologica, 15, 207–
214.
Chown, S.L., Addo-Bediako, A. & Gaston, K.J. (2003) Physiological diversity:
listening to the large-scale signal. Functional Ecology, 17, 562–572.
Chown, S.L., Gaston, K.J. & Robinson, D. (2004) Macrophysiology:
large-scale patterns in physiological traits and their ecological implications.
Functional Ecology, 18, 159–167.
Clusella-Trullas, S., Terblanche, J.S., van Wyk, J.H. & Spotila, J.R. (2007b)
Low repeatability of preferred body temperature in four species of cordylid
lizards: temporal variation and implications for adaptive significance.
Evolutionary Ecology, 21, 63–79.
Clusella-Trullas, S., van Wyk, J.H. & Spotila, J.R. (2007a) Thermal melanism
in ectotherms. Journal of Thermal Biology, 32, 235–245.
Cogger, H.G. (1994) Reptiles and Amphibians of Australia. Cornell University
Press, New York.
Cowles, R.B. & Bogert, C.M. (1944) A preliminary study of the thermal
requirements of desert reptiles. Bulletin of the American Museum of Natural
History, 83, 265–296.
De Jong, P.W., Gussekloo, S.W.S. & Brakefield, P. (1996) Differences in thermal
balance, body temperature and activity between non-melanic and melanic
two-spot ladybird beetles (Adalia bipunctata) under controlled conditions.
Journal of Experimental Biology, 199, 2655–2666.
Fig. 3. Global map of mean annual solar
radiation (W m–2, see text for details) including
species sampling locations.
238 S. Clusella-Trullas et al.
© 2008 The Authors. Journal compilation © 2008 British Ecological Society, Functional Ecology, 22, 232–238
Ellers, J. & Boggs, C.L. (2004) Functional ecological implications of intras-
pecific differences in wing melanization in Colias butterflies. Biological Journal
of the Linnean Society, 82, 79–87.
Feder, M.E. & Mitchell-Olds, T. (2003) Evolutionary and ecological functional
genomics. Nature Reviews Genetics, 4, 649–655.
Feder, M.E., Bennett, A.F. & Huey, R.B. (2000) Evolutionary physiology.
Annual Review of Ecology and Systematics, 31, 315–341.
Forsman, A. (1995) Opposing fitness consequences of colour pattern in male
and female snakes. Journal of Evolutionary Biology, 8, 53–70.
Gates, D.M. (1962) Energy Exchange in the Biosphere. Biological Monographs.
Harper and Row, New York.
Gates, D.M. (1980) Biophysical Ecology. Springer, New York.
Gibbs, A.G., Fukuzato, F. & Matzkin, L.M. (2003) Evolution of water conser-
vation mechanisms in Drosophila. Journal of Experimental Biology, 206,
1183–1192.
Gibert, P., Moreteau, B, Moreteau, J.C., Parkash, R. & David, J.R. (1998) Light
body pigmentation in Indian Drosophila melanogaster: a likely adaptation to
a hot and arid climate. Journal of Genetics, 77, 13–20.
Gibson, A.R. & Falls, B. (1979) Thermal biology of the common garter snake
Thamnophis sirtalis L. II. The effects of melanism. Oecologia, 43, 99–109.
Grenot, C.J. (2000) How does the European common lizard, Lacerta vivipara,
survive the cold of winter? Comparative Biochemistry and Physiology, 127A,
71–80.
Halsey, L.G., Butler, P.J. & Blackburn, T.M. (2006) A phylogenetic analysis of
the allometry of diving. American Naturalist, 167, 276–287.
Heath, J.E. (1964) Reptilian thermoregulation: evaluation of  field studies.
Science, 146, 784–785.
Helmuth, B.S.T. (1998) Intertidal mussel microclimates: predicting the body
temperature of a sessile invertebrate. Ecological Monographs, 68, 51–74.
Hertz, P.E., Huey, R.B. & Stevenson, R.D. (1993) Evaluating temperature regu-
lation by field-active ectotherms: the fallacy of the inappropriate question.
American Naturalist, 142, 796–818.
Hijmans, R.J., Cameron, S.E., Parra, J.L., Jones, P.G. & Jarvis, A. (2005) Very
high resolution interpolated climate surfaces for global land areas. Inter-
national Journal of Climatology, 25, 1965–1978.
Hochachka, P.W. & Somero, G.N. (2002) Biochemical Adaptation: Mechanism
and Process in Physiological Evolution. Oxford University Press, New York.
Hoffmann, A.A., Scott, M., Partridge, L. & Hallas, R. (2003) Overwintering in
Drosophila melanogaster: outdoor field cage experiments on clinical and
laboratory selected populations help to elucidate traits under selection.
Journal of Evolutionary Biology, 16, 614–623.
Huey, R.B. & Bennett, A.F. (1987) Phylogenetic studies of  coadaptation:
preferred temperatures versus optimal performance temperatures of lizards.
Evolution, 41, 1098–1115.
Huey, R.B. & Kingsolver, J.G. (1989) Evolution of thermal sensitivity of ecto-
therm performance. Trends in Ecology and Evolution, 4, 131–135.
Huey, R.B. & Kingsolver, J.G. (1993) Evolution of  resistance to high tem-
perature in ectotherms. American Naturalist, 142, S21–S46.
Huey, R.B., Hertz, P.E. & Sinervo, B. (2003) Behavioral drive versus behavioral
inertia in evolution: a null model approach. American Naturalist 161, 357–366.
Hulme, M., Conway, D., Jones, P.D., Barrow, E.M., Jiang, T. & Turney, C.
(1995) Construction of a 1961–90 climatology for Europe for climate change
modelling and impacts applications. International Journal of Climatology,
15, 1333–1363.
Hutchison, V.H. & Larimer, J.L. (1960) Reflectivity of the integuments of some
lizards from different habitats. Ecology, 41, 199–209.
Jablonski, N.G. & Chaplin, G. (2000) The evolution of human skin coloration.
Journal of Human Evolution, 39, 57–106.
Kingsolver, J.G. (1987) Evolution and coadaptation of thermoregulatory
behavior and wing pigmentation pattern in pierid butterflies. Evolution, 41,
472–490.
Kingsolver, J.G. (1995) Fitness consequences of seasonal polyphenism in west-
ern white butterflies. Evolution, 49, 942–954.
Kingsolver, J.G. & Huey, R.B. (1998) Evolutionary analyses of morphological
and physiological plasticity in thermally variable environments. American
Zoologist, 38, 545–560.
Licht, P., Dawson, W.R., Shoemaker, V.H. & Main, A.R. (1966) Observations
on the thermal relations of western Australian lizards. Copeia, 1966, 97–110.
Losos, J.B., Schoener, T.W. & Spiller, D.A. (2004) Predator-induced behaviour
shifts and natural selection in field-experimental lizard populations. Nature,
432, 505–508.
Losos, J.B., Warheit, K.I. & Schoener, T.W. (1997) Adaptive differentiation
following experimental island colonization in Anolis lizards. Nature, 387,
70–73.
Lutterschmidt, W.I. & Hutchison, V.H. (1997) The critical thermal maximum:
data to support the onset of spasms as the definitive end point. Canadian
Journal of Zoology, 75, 1553–1560.
Majerus, M.E.N. (1998) Melanism: Evolution in Action. Oxford University
Press, Oxford.
Martins, E.P. & Hansen, T.F. (1997) Phylogenies and the comparative method:
a general approach to incorporating phylogenetic information into the analysis
of interspecific data. American Naturalist, 149, 646–667.
McKechnie, A.E., Freckleton, R.P. & Jetz, W. (2006) Phenotypic plasticity in
the scaling of avian basal metabolic rate. Proceedings of the Royal Society of
London, Series B, 273, 931–937.
Norris, K.S. (1967) Color adaptation in desert reptiles and its thermal relation-
ships. Lizard Ecology: A Symposium (ed. W.W. Milstead), pp. 162–229.
University of Missouri Press, Columbia.
Porter, W.P. (1967) Solar radiation through the living body walls of vertebrates
with emphasis on desert reptiles. Ecological Monographs, 37, 273–296.
Porter, W.P. & Gates, D.M. (1969) Thermodynamic equilibria of animals with
environment. Ecological Monographs, 39, 245–270.
Quinn, G.P. & Keough, M.J. (2002) Experimental Design and Data Analysis for
Biologists. Cambridge University Press, Cambridge.
Roff, D. A. (2002) Life History Evolution. Sinauer Associates, Sunderland,
MA.
Spicer, J.I. & Gaston, K.J. (1999) Physiological Diversity and its Ecological
Implications. Blackwell Science, Oxford.
Stevenson, R.D. (1985) Body size and limits to the daily range of body temper-
ature in terrestrial ectotherms. American Naturalist, 125, 102–117.
Tattersall, G.J., Eterovick, P.C. & de Andrade, D.V. (2006) Tribute to R.G.
Boutilier: skin colour and body temperature changes in basking Bokerman-
nohyla alvarengai (Bokermann 1956). Journal of Experimental Biology, 209,
1185–1196.
Terblanche, J.S., Deere, J.A., Clusella-Trullas, S., Janion, C. & Chown, S.L.
(2007) Critical thermal limits depend on methodological context. Proceedings
of the Royal Society of London, Series B, 274, 2935–2942.
True, J.R. (2003) Insect melanism: the molecules matter. Trends in Ecology and
Evolution, 18, 640–647.
Walton, B.M. & Bennett, A.F. (1993) Temperature-dependent color change in
Kenyan chameleons. Physiological Zoology, 66, 270–287.
Watt, W.B. (1968) Adaptive significance of pigment polymorphisms in Colias
butterflies. I. Variation of melanin pigment in relation to thermoregulation.
Evolution, 22, 437–458.
Received 7 September 2007; accepted 28 November 2007
Handling Editor: Michael Angilletta
Supplementary material
The following supplemental material is available for this article:
Appendix S1. Species list and literature sources for skin
reflectance, preferred body temperature, critical thermal
maxima and minima of heliothermic lizards used in the study
Appendix S2. Hypothetical phylogenetic relationships among
lizard taxa in the study
This material is available as part of the online article from:
http://www.blackwell-synergy.com/doi/full/
10.1111/j.1365-2745.2007.01377.x
(This link will take you to the article abstract).
Please note: Blackwell Publishing is not responsible for the
content or functionality of  any supplementary materials
supplied by the authors. Any queries (other than missing
material) should be directed to the corresponding author for
the article.
